Pluripotency and proliferative capacity of human embryonic stem cells (hESCs) make them a promising source for basic and applied research as well as in therapeutic medicine. The introduction of human induced pluripotent cells (hiPSCs) holds great promise for patient-tailored regenerative medicine therapies. However, for hESCs and hiPSCs to be applied for therapeutic purposes, long-term genomic stability in culture must be maintained. Until recently, G-banding analysis was considered as the default approach for detecting chromosomal abnormalities in stem cells. Our goal in this study was to apply fluorescence in-situ hybridization (FISH) and comparative genomic hybridization (CGH) for the screening of pluripotent stem cells, which will enable us identifying chromosomal abnormalities in stem cells genome with a better resolution. We studied three hESC lines and two hiPSC lines over long-term culture. Aneuploidy rates were evaluated at different passages, using FISH probes (12,13,16,17,18,21,X,Y). Genomic integrity was shown to be maintained at early passages of hESCs and hiPSCs but, at late passages, we observed low rates mosaiciam in hESCs, which implies a direct correlation between number of passages and increased aneuploidy rate. In addition, CGH analysis revealed a recurrent genomic instability, involving the gain of chromosome 1q. This finding was detected in two unrelated cell lines of different origin and implies that gains of chromosome 1q may endow a clonal advantage in culture. These findings, which could only partially be detected by conventional cytogenetic methods, emphasize the importance of using molecular cytogenetic methods for tracking genomic instability in stem cells.
INTRODUCTION
Human embryonic stem cells (hESCs), derived from the inner cell mass of a human blastocyst, are pluripotent and self-renewable. They present a potential valuable tool for regenerative medicine and serve as models of embryonic development in vitro. 1, 2 The first ESC lines were isolated from mouse embryos in the early 1980s, 3 but the first report on the derivation of hESCs was published nearly 20 years later in 1998. 4 Since then, hundreds of hESC lines have been derived and characterized and a vast number of laboratories are trying to differentiate these cells for future therapeutic use.
Recently, a new type of human stem cells, human-induced pluripotent stem cells (hiPSCs), has become available to the scientific community. Human iPSCs are derived from somatic cells, such as adult fibroblasts, 5 which have been reprogrammed to mimic ESCs by forcing the transgenic expression of defined transcription factors. A cocktail of four transcription factors (OCT4, SOX2, C-MYC and KLF4) was successfully used to fully reprogram the somatic cells into pluripotent stem cells. And so, hiPSCs exhibit the same phenotypical characteristics as the hESCs. Patient-specific iPSCs have the advantage of avoiding many of the ethical concerns associated with the use of embryonic material, and have no risk of immune rejection. 6 Human ESCs and iPSCs offer the opportunity to recapitulate human cell ontogenesis in vitro, and to investigate the efficacy of drug therapies. Moreover, they represent a promising source for substitutive and regenerative allogenic (hESCs) or autologous (hiPSCs) cell therapies. Unlimited self-renewal property bears the risk of presence of genomic abnormalities; therefore, one of the issues that must be addressed before ESCs and iPSC technology can be applied to regenerative medicine regards their genomic integrity during culture. Concerns are already growing about the clinical application of iPSC after recently published data have identified disease-related mutations, epigenetic modifications and copy number variations in reprogrammed cells. 7 The duration of culture and the culture conditions have also been pointed at as possible contributing factors to chromosomal changes in hESCs. 8 A classic cytogenetic protocol (G banding) is considered as the default approach for routine karyotypic assessment, 9, 10 and is the method widely used to value chromosome integrity. 11 Karyotypic abnormalities of hESCs in long-term cultures have been reported before. [12] [13] [14] [15] In hESCs, most of the alteration have been attributed to chromosomes 12 and 17, but chromosomes X and 20 were also repeatedly described. 12, 16 G-banding technique is extremely laborious, requires dividing cells in culture and metaphases of sufficient quality for analysis, which have already proven difficulties to obtain. Moreover, conventional karyotype is not sensitive enough and may not be effective in evaluating genome integrity, as many of the intrachromosomal rearrangements and submicroscopic alterations in the genome can be missed due to the low resolution of the technique. Therefore, the use of advanced techniques is of crucial importance.
Fluorescence in-situ hybridization (FISH) is the hallmark of molecular cytogenetics and can be used to evaluate aneuploidy rate and to detect mosaicism. In addition, FISH can detect chromosome abnormalities such as submicroscopic deletions or amplifications, which are beyond the resolution of conventional karyotyping. 17 However, detecting these abnormalities require a prior knowledge of the genomic region of interest. Another molecular-cytogenetic method is comparative genomic hybridization -CGH (conventional and array), for the analysis of copy number changes (gains/losses) in the DNA content in a single experiment, without requiring fresh samples (dividing cells). 18 High-resolution array CGH is a growing used method to assess genetic integrity of hPSC cultures and allows identifying small regions, while chromosomal CGH is in sufficient resolution when the goal is to detect Z5 Mb changes. As human pluripotent stem cells can and are often propagated for extended periods of time, monitoring and controlling the integrity of the genome of these cells is extremely important. The genomic stability question should be at the forefront when considering whether hESCs and hiPSCs will serve in clinical applications. In this research, we have studied hESC lines and hiPSC lines during long-term culture, in order to study their genomic integrity. We integrated several techniques that allowed us to get a better comprehensive data.
MATERIALS AND METHODS

Culturing hESC and hiPSC lines
HESC lines I3, I4 19 and H1 4 were cultured with inactivated MEF (mouse embryonic fibroblasts) as was previously described 11 for 19-102 passages.
HiPSCs lines C2 and C3 derived from foreskin fibroblast using four constitutively expressed reprogramming constructs (AddGene, http://www.addgene. org): including pMXs-hOCT4 (17217, Shinya Yamanaka), pMXs-hSOX2 (17218, Shinya Yamanaka), pMXs-hKLF4 (17219, Shinya Yamanaka), pMXShc-MYC (17220, Shinya Yamanaka). The cells were cultured with inactivated MEF as previously described. 20 HESCs and hiPSCs were passaged every 4-6 days using 1.5 mg/ml type IV collagenase (Worthington Biochemical Corporation, Lakewood, NJ, USA). We used previously defined criteria for characterization of hES and hiPS cells by examining their morphology, surface markers, growth rates, karyotype and pluripotency. 21 
Stem cells harvesting
The cells were harvested on day 3 after passaging. Cells were treated with 15 mg/ml CRA (Zotal, Tel Aviv, Israel) for 60 min followed by 0.75 mg/ml colcemid for 30 min (Biological Industries, Beit Haemek, Israel), during incubation at 37 1C. Next, cells were collected using trypsin (Beit Haemek, Israel), incubated for 5 min at 37 1C in 0.075 M KCl þ Na citrate solution and fixed three times in fixative solution (3:1 methanol/acetic acid). Cells remained in À20 1C until use and spread on slides before analysis.
Karyotype analysis
Cells were stained for G banding with a trypsin-Giemsa solution. Karyotype analysis (G banding) was performed on at least 20 metaphases per sample, as previously described. 22 Karyotypes were analyzed and reported according to the 'International System for Human Cytogenetic Nomenclature' (ISCN 2010).
DNA extraction
High molecular weight DNA was isolated from the SC samples at different passages using the Promega Genomic DNA Purification Kit (Madison, WI, USA). DNA from healthy male donors (served as reference for CGH experiments, single sample for each test) was extracted from leukocytes using the 5Prime kit (Zotal), following manufacturer's recommended protocol. DNA concentration and purity was evaluated by UV spectrophotometeric measurements and agarose gel eletrophoresis. All DNA samples had an A260/A280 ratio of 1.8-2.0, an A260/ A230 ratio of 41.5 and run on agarose gel as a high molecular band.
Amniotic cells harvest and fixation
Amniotic fluid cells cultured on coverglass (serves as control group I): 20 ml amniotic fluid was obtained from five women in 17-20 weeks of pregnancy; The women ranged in age from 25 to 38 years (mean±SD of 32±5 years). Samples were cultured on coverglass for B3 weeks and harvested according to standard techniques. 23 Uncultured amniotic fluid cells (serves as control group II): 10 ml amniotic fluid was obtained from 10 women in 17-20 weeks of pregnancy; The women ranged in age from 25 to 39 years (32.2 ± 4.6 years). All samples were treated as previously described. 17 Fluorescent in-situ hybridization FISH analysis took place using three sequential hybridizations. Cycle 1: Chromosomes 12, 16, 17 labeled with three different fluorochromes; Cycle 2: Chromosomes 18, X, Y labeled with three different fluorochromes; Cycle 3: Chromosomes 13, 21 labeled with two different fluorochromes; these regions were examined along with any other chromosomes that had given an abnormal CGH result. All probes used during this study came from Abbott (Abbott Molecular, Abbot Park, IL, USA) and summarized in Table 1 . The protocol used was described previously. 17 Signal scoring was performed according to stringent criteria: cells were scored as 'normal' if FISH clearly indicated two separate signals for each probe, while 'abnormal' cell showed derivation from the normal signal pattern. 24 Two signals represent two homolog chromosomes when their distance apart was at least two domain diameters. 25 Two signals that are less than two domains apart are considered as one duplicated signal and represent single homolog chromosome.
Comparative genomic hybridization
At the time of DNA extraction, colonies were allowed to grow for 4-5 days on MEFs before they were mechanically isolated. DNA samples were labeled via nick translation, according to manufacturer's instructions (Abbott), with the SC DNA labeled green (Green-dUTP; Abbott) and the reference DNA labeled red (Red-dUTP; Abbott). Co-precipitation of test and reference DNAs, their denaturation, along with that of the slides, and the post-hybridization washes all were conducted as described previously. 26 Digital images were used to facilitate the identification of chromosomal regions with abnormal fluorescence 
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Statistical analysis
The frequency of loss or gain of individual chromosomes was examined. Statistical significance between groups was determined by using a two-tailed, unpaired, Student's t-test. The frequency of aneuploidy per case (the number of abnormal cells divided by the total number of cells examined) was tested for correlation with passage number by Pearson's correlation analysis. The monosomy/trisomy ratio for individual chromosomes was determined by using a one-tailed paired Student's t-test. We considered P-valueso0.05 as statistically significant.
RESULTS
Three hESC lines and two hiPSC lines were analyzed at different passages using three cytogenetic methods: G banding, FISH and CGH. Table 2 summarizes all chromosomal analyses preformed for each line. All three hESC lines analyzed (I3, I4, H1) had shown to meet the criteria of a defined hESC.
Aneuploidy rates of hESCs and hiPSCs
A total of 5940 hESCs and hiPSCs were scored for aneuploidy using three sets of FISH probes (see Materials and methods -FISH). For hESC lines (I3, I4, H1), an average of 154 ( ± 66) cells was scored per probe in each passage examined. For hiPSC lines (C2, C3), an average of 148 ( ± 45) cells was scored per probe in each passage examined. Table 3 summarizes aneuploidy rates of hESCs and hiPSCs at the passages examined. Two sets of control groups were used in this study: Control group I consists of 10 different uncultured amniotic fluid cell samples, serves as baseline for aneuploidy rate in uncultured cells. These cells were selected for control since they are not cultured in vitro and therefore characterize, most accurately, the cells in the fetus' body. Overall, 1500 cells were scored in this group and results are summarized in Table 3 . From each sample, an average of 100(±20) cells for each probe was scored. Average aneuploidy rate was found to be 0.7% ( ± 0.1). Control group II consists of five different cultured amniotic fluid cell samples that were cultured for several cell divisions in vitro (average of 17 days in culture). This type of control allowed us to compare between cultured samples. Overall, total of 1200 culture amniotic fluid cells were scored in this group and results are summarized in Table 3 . From each sample, an average of 145 cells (±15) for each probe was scored and average aneuploidy rate was 1.6% ( ± 0.4).
All samples used as controls were analyzed and found to be karyotypically normal.
Mosaic aneuploidy in hESCs
Comparison between average aneuploidy rate of hESCs and controls is displayed in Figure 1a ; mean aneuploidy rate in hESC lines was significantly higher (4.2±1.6%) and revealed pervasive mosaicism comparing with aneuploidy rates in non-cultured amniotic fluid samples (Po0.05) and in cultured amniotic fluid samples (Po0.05). This difference remains significant when restricting the analysis of hESCs to passages lower then 70 (Po0.05).
HiPSCs aneuploidy screening
Comparison between average aneuploidy rate of hiPSCs and controls is displayed in Figure 1b ; average aneuploidy levels ranged between 0.6 and 5.5% (Table 3 ) with mean rate of 2.1% ( ± 1.3). No statistical difference was found between hiPSCs and control cells (both uncultured and cultured cells, P40.1).
Aneuploidy rate for individual chromosomes Chromosome gain and loss were found in all tested chromosomes and appear to be stochastic. However, an increase in aneuploidy rate of chromosomes 18 was observed in hESC lines and of chromosomes 17 and 18 in hiPSC lines (Figure 2 ).
Monosomy and trisomy rates
Variations for individual chromosomes are presented in Figure 2 . Aneuploidy rate per chromosome ranged between 0.3 and 2.6%, with an average rate of 1.3% ( ± 0.6) per chromosome. We found that monosomy rate was significantly higher than trisomy rate (Po0.05) when combining all chromosomes results. CGH analysis, which was performed on DNA extract from this passage, identified a fragment amplification of the short arm of chromosome 1; ish cgh amp(1)(p32p34.1) (Figure 4b ). FISH analysis with a painting probe of chromosome 1 verified these findings, and also located this interstitial amplified region to the short arm of chromosome 2 (Figure 4c, FISH) . Further CGH analysis of this cell line, at earlier passages, revealed: at passage 59: ish cgh amp(1)(q21q32) (Figure 4d ) and at passage 90: ish cgh amp(1)(p32p34.1) and ish cgh amp (1)(q21q32) (Figure 4e) .
Aneuploidy rate increases over time
Lines I3 and H1 maintained normal karyotype, determined at different passages (Table 2 ) by G banding and by CGH (Supplementary data 1) , even after freeze-thaw procedures and continuous in-vitro culture for over 100 passages.
Chromosome analysis of lines C2 and C3 in culture The hiPSC lines C2 and C3 have previously been examined and were found to have a normal 46,XY karyotype, using G-banding method (Table 2) . Line C3, examined by CGH at passage 55, showed a fragment amplification of the long arm of chromosome 1: ish cgh amp(1)(q21qter) (Figure 4f ). Karyotype analysis of line C3 growing in suspension detected the same aberration. FISH performed on cell nuclei using specific probes for chromosome 1 detected high rate mosaicism: nuc ish (3XD1Z5),(3xTel1q) [44/150] (Figure 4g ). Low-grade mosaic aneuploidy in pluripotent stem cells M Dekel-Naftali et al Table 3 Aneuploidy cells in hESCs and hiPSCs through all passages analyzed. Low-grade mosaic aneuploidy in pluripotent stem cells M Dekel-Naftali et al
Simultaneously, C3 cells exhibited an aberrant growth and the culture had altered from colony growth to monolayer cell growth on MEF (Supplementary data 2) .
DISCUSSION
Human ESCs and hiPSCs hold great promises for biomedical applications such as cell replacement therapy, developmental biology, drug discovery and disease modeling. Clearly, therapeutic applications require maintaining of pluripotency and genomic integrity. 1, 2 Our observations of low rate mosaic aneuploidy and chromosomal changes occurring both in hESC lines and in hiPSCs, not only suggest caution but should encourage researchers to perform regular highresolution molecular and cytogenetic studies to verify the Figure 1 (a) Average aneuploidy rate in hESCs comparing with controls, significant difference was found between groups and is marked with *(Po0.05).
(b) Average aneuploidy rate in hiPSCs comparing with controls. No statistical difference was found between groups. Student's t-test was used to determine significance of difference in aneuploidy levels between each two groups. Aneuploidy rates and standard error bars are presented for each cell source.
Low-grade mosaic aneuploidy in pluripotent stem cells M Dekel-Naftali et al chromosome integrity in hESCs and hiPSCs, with the combination of several cytogenetic techniques.
Molecular cytogenetic analysis
The most commonly used technology today for genome integrity investigation of stem cells is G banding. 29 Karyotyping using G banding requires extended analysis time as obtaining high quality metaphases is difficult, the number of cells amenable to analysis is sometimes limited, and clones of cells with chromosomal changes can easily be missed. 30 Moreover, detecting low rate mosaicism (under B20%) in cell cultures using G banding is almost impossible. In this study, we used other possible strategies to investigate the chromosomal constitution within stem cell lines. CGH enables an overview of the whole genome and proved to be a feasible technique to characterize the chromosomal constitution of pluripotent stem cells. However, CGH measures the genomic DNA content and therefore low rate mosaicism and balanced rearrangements are not detected with this method. 30 Interphase FISH allows screening of a large number of cells for chromosomal aberrations, balanced rearrangement and mosaicism in a relatively short time. FISH data of this assay revealed low rate mosaic aneuploidy that was not detected by G banding. But, with FISH, only a limited part of the genome -which is homologs to the probes regions -can be analyzed. This fact raises difficulties since by now, there are many chromosomal regions that have been identified as recurrently mutated in cultured pluripotent stem cells 31 and our findings in the current study indicate that chromosome gains and losses seems to be stochastic. Consequently, since each technique has its advantages and disadvantages, only integration of several molecular cytogenetic techniques for continuous analysis of hESC and hiPSC lines during culture can give reassurance of their chromosomal stability/ constitution.
Aneuploidy screening
In this study, we examined the aneuploidy rates in hESCs and hiPSCs; FISH data indicate that hESC lines exhibit significant and pervasive mosaic aneuploidy, in comparison with controls. Aneuploidy rate detected in control group represents cells with abnormal number of chromosomes and might include background noise of FISH technique, known as false positive.
Aneuploidy rate differences remained significant between hESCs and controls, even when restricting the analysis to passages lower than 70 (o70), suggesting that accumulating changes occur relative early in culture conditions. Recent study, published by Peterson et al, reported of significant levels of mosaic aneuploidy in all human pluripotent stem cells they examined. In similar to our findings of an average rate of 1.3% (±0.6) per chromosome, Peterson's group reported of 1.5-2% Low-grade mosaic aneuploidy in pluripotent stem cells M Dekel-Naftali et al aneuploidy for each of the two FISH probes they used. If extrapolated for the remaining paired chromosomes, then the resultant level of mosaic aneuploidy revealed by FISH is consistent with their finding using G banding and SKY analysis, showing that the percentage of aneuploid cells ranged from 18% to as much as 35%. 32 De-novo aberrations in hESC lines have been previously reported, some of them shows very fast culture take over. 33 Here, we report high prevalence of aneuploidy in chromosomes 17 and 18, and although it is not statistically significant higher than other chromosomes, trisomy 17 aneuploidy is highly interesting as it was rarely reported in iPSCs. Significant difference was found in our research between monosomy and trisomy rate, suggesting that chromosome loss is more common. Prior studies highlighted chromosomes 12, 17, 20 and X as involved in most of the genomic aberrations 12, 13 and both chromosomal gains and losses were frequently reported in cells from different sources. It is notable that, trisomy 12 is known to take over the culture in a few passages 15, 34 but in our study, aneuploid cells carrying additional copy of chromosome 12 do not seem to be enriched in culture over time. Taken together, since chromosome gain and loss appears to be stochastic, with no significantly recurrent aneuploidy of specific chromosome, genome-wide analyses using CGH array or SNP array (and at a later stage -whole-genome sequencing and single-nucleotide polymorphism genotyping) 7 may have some advantages over multi-FISH hybridizations as an improved standardized genetic screening of human ESCs and hiPSCs.
In this study, we also detected tetraploid cells that probably arise during in-vitro culture. Continuous cell lines are usually show a wide deviation range in chromosome number among individual cells in the population (ie, heteroploid) and a common feature of many continuous cell lines is the development of a subtetraploid chromosome number. 35 The most likely possibility for the origin of those aneuploidies is that aneuploid cells arise during culture as a result of the alteration of one or more cells. Our observation of aneuploidy rate that increases over time supports this possibility. Lavon et al 36 demonstrated the possibility that mosaicism may lead to one cell population, by the derivation of euploid hESCs from monosomy 21 embryos, which were in fact mosaic. They detected high rate of monosomy 21 mosaicism in early passages of hESCs and concluded that in higher passages the euploid cells took over the culture. Therefore, the mosaicism phenomenon should be monitored regularly to locate as early as possible any change in the cells.
Accumulating genomic changes over time, as presented in this study, means that the cells might loose their therapeutic value. This is crucial when considering transplantation of these cells. In this study, we found that aneuploidy rate in all cell lines (both hESCs and hiPSCs) increased over time, in direct correlation with the number of passages. A recent study compared early and late passages of hESC lines and reported about high rate of copy number variations and loss of heterozygocity changes. 37 Taken together, these findings emphasize the need of tight surveillance of genomic integrity during long-term culture and the preference of low passages for clinical applications.
Although in all hESC and hiPSC lines aneuploidy cells were observed, in our research, statistical difference was found only between hESCs and control. HiPSCs and control showed no statistical difference. One of the explanations for the high aneuploidy rate in hESCs cells, compared with hiPSCs and controls, might lies in the possibility that ESCs guarantee rapid cell division by bypassing certain mechanisms of cell-cycle control and by that, enabling the survival of chromosomally aberrant cells. As it turns out, in early development, the strict requirements for cell growth are suspended to allow rapid cell proliferation 38, 39 and is activated again when ESCs are induced to differentiate into embryoid bodies. 40, 41 A recent study, conducted by Mayshar et al 34 , identified a substantial number of hiPS cell lines carrying full and partial chromosomal aberrations. To conclude, both hESCs and hiPSCs should be tightly monitored regarding their genomic stability.
Chromosome 1 aberration
A recurrent genomic aberration, involving an amplification of similar segment in chromosome 1 was found, independently, in one hESC (I4) line -ish cgh amp(1)(q21q32) and in one hiPSC (C3) line -ish cgh amp(1)(q21qter). While line I4 aberration was detected after identification of unexplained chromosome aberration using G banding (46,XX,ins(2;?)(p16;?) [2] /46,XX [18] ) but with normal culture growth, line C3 aberration was detected simultaneity to alteration of the cells from colony growth to monolayer cell growth. The fact that hESC line and hiPSC line share a similar aberration might implies that gains of chromosome 1q may endow a clonal advantage in culture. Trisomy of entire chromosome 1 has been reported in human pluripotent stem cells as well as gains of small region of chromosome 1. 12,34,37 A recent study reported about a recurrent chromosomal duplication of chromosome 1q in neural pluripotent stem cells, 42 but duplication of almost the entire 1q arm had not been observed in pluripotent stem cells. Duplication of the chromosome segment of 1q11-1q32 is associated with advantages in proliferation and metastasis formation 43 and data from several reports suggest that alterations in chromosome 1, and especially in the 1q region may have a significant role in disease evolution by providing a growth and/or survival advantage. 44, 45 Until now, number of genes located on 1q region have been described to be associated with cellcycle control and proliferation. 46 It is possible that one or more of them are responsible for clonal advantage in culture. As we witnessed in the present study, the chromosomal aberration in line C3 was accompanied by change of growth from colonies to monolayer. As the characteristics of a cell line do not always remain stable and phenotype alterations might occur, regularly monitoring of morphologic features is also essential. 35 Another finding in our study was a partial trisomy of the short arm of chromosome 1. The need to integrate several techniques is demonstrated here again, as CGH did not detect this aberration at passage 59 but we witness the change in passage 90 and passage 98 -ish cgh amp(1)(p32p34.1). One of the possibilities is that this change was present in a small mosaicism at an early passage, therefore CGH and G banding could not detect it, but FISH would probably have.
CONCLUSION
To conclude, the importance of complete validation of any stem cells destined for therapy cannot be underestimated. 47 The low-grade mosaic aneuploidy and the recurrent genomic instability of chromosome 1 that were found in this manuscript illustrate the need for careful monitoring of the cells. Our findings demonstrate the phenomenon of genomic instability in stem cell lines, which increases over time. Without specific measures being taken to ensure genomic integrity and identity, their use as a cellular source for cell therapy may be compromised for safety reasons. The present study emphasizes the significance of the use of several molecular cytogenetic methods when studying genomic stability of hESC and hiPSC lines. It is important and of a great value to integrate these methods into a plan for routine cell line quality control.
